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Severe hypoxiaHypoxiaevents are common inmanyaquatic systems,whichmaybe anatural event or provokedby anthropogenic
actions, aswell as accidents involving oil occurring throughout theworld are frequent. Thus, through thepossibility
of occurrence of these two situations in same place the purpose of this study was to evaluate if damage caused by
crude oil on genotoxic and morphological parameters in the marine ﬁsh species Hippocampus reidi will be
aggravated by events of severe hypoxia. Sea horseswere exposed during 8 h to the following conditions: crude oil
(OIL), severe hypoxia (HYP), association of severe hypoxia and crude oil (HYP+OIL) and normoxia without
contaminant (CONT). An increase inmicronuclei observed inOIL andHYP+OIL groups indicates that the crude oil
exposure was a determining factor in themicronuclei induction and hypoxia did not intensify this result. In comet
assays, both petroleumandhypoxia provokeDNAdamage. Themost frequent histopathology in the control groups
and in those exposed to OIL and HYP+OIL groups were: hypertrophy and capillary dilation; hypertrophy and
hyperplasia; hypertrophy, epithelial “lifting” andepithelial hyperplasia. An elongationof the lamellaewasobserved
inﬁsh fromthe twogroups exposed tohypoxia, probablydue to the fact that these groups required a greaterﬂowof
blood in the gills to increase the efﬁciency of gas exchange, since theywere in a hypoxic environment. In summary,
the micronuclei test and comet assay can be used as a good biomarker of contamination by petroleum. The
association of hypoxia with crude oil in some aspects may exacerbate the responses of ﬁsh, in the light of the
increase in DNA damage and the alterations in thickness of the gill epithelium.aAquática, CentroUniversitário
ista, Vila Velha-ES, CEP.: 29102-
ari-Gomes).
vier OA license. © 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Pollution events provoked by oil spills have occurred all over the
world, some of them with large scales, like the Exxon Valdez (1989,
Alaska), the Prestige (2002, Spain) and the Deepwater Horizon (2010,
Gulf of Mexico). In Brazil, these accidents also occur caused mainly by
petroleum tanker spills and rupture of transportation ducts, such as
Reduc/RJ (1972; 2000), contributing to the contamination of marine
areas.
Petroleum and petrochemical products constitute major environ-
mental pollutants, containing a complex mixture of substances such
as benzene, toluene, ethylene oxide, polycyclic aromatic hydrocar-
bons (PAHs) and halogenate aromatic hydrocarbons (HAHs), among
others that can cause lesions to the genetic material and have the
potential to trigger carcinogenic processes to humans (Huang et al.,
1995; Pickering, 1999; Gonçalves et al., 2005).In addition to the events of all types of contamination, marine
organisms also face other stressful conditions such as hypoxia, which
may be a natural event occurring in shallow waters and coral reefs or
may be due to excessive anthropogenic input of nutrients and organic
matters into water bodies with a poor circulation (Pihl et al., 1991;
DellaVia et al., 1994; Peckol and Rivers, 1995; Gamenick et al., 1996;
Sandberg, 1997; Wu and Lam, 1997; Aarnio et al., 1998; Mason, 1998).
According to Nilsson and Östlund-Nilson (2006), episodes of hypoxia in
reef environments can occur in nights of low tide, in tide pools or in
internal regionsof the reef. In these cases, in quiet nights the interruption
of photosynthesis in association with the breathing of coral micro-
habitats reduces dissolved oxygen levels. In recent years, hypoxia or
anoxia affecting thousands of square kilometers has been commonly
reported for marine waters around North and South America, Africa,
Europe, India, South-east Asia, Australia, Japan and China (Diaz, 2001;
Nixon, 1990; Diaz and Rosenberg, 1995, 2008; Wu, 1999).
Hypoxia may occur or be aggravated in case of oil spills, since the
layer of oil that remains on the surface includes long-chain hydro-
carbons, reducing or even eliminating air–water interaction. Such oil
slicks darken the water column, reducing photosynthesis and worsen-
ing oxygen availability in the affected areas (Val et al., 2003). Besides
that, the insoluble phase of crude oil may come into direct contact with
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hypoxia, which may lead to death (Val et al., 2003).
The longsnout seahorse Hippocampus reidi (Ginsburg, 1933), was
one of Brazil's most exported ornamental marine ﬁsh species (Hercos
and Giarrizzo, 2007) and is widely distributed along the Brazilian
coast (Vieira and Gasparini, 2007). The high number of H. reidi
captured for export purposes, associated with the degradation of their
natural habitats has characterized the species as endangered (Hercos
and Giarrizzo, 2007). Due to their low mobility and wide distribution,
seahorses have come to be considered potential bioindicators in the
study of acute exposure to contaminants, since other species with
greater capacity for locomotion can escape the area affected by
contamination. Besides, seahorses have great potential as sentinel
species to promote conservation of marine ecosystems.
In the light of these possible events: marine contamination by
petroleumandhypoxia events, this study aimed to evaluate if the damage
caused by crude oil on genotoxic and morphological parameters in the
marineﬁshspeciesH. reidiwill beaggravatedbyevents of several hypoxia.
2. Materials and methods
2.1. Animals and experimental conditions
The specimens of the longsnout seahorse H. reidi (Actinopterygii,
Syngnathiformes, Syngnathidae, Hippocampinae) (12.5±1.2 cm and
4.9±1.8 g) were acquired from a commercial hatchery. Fish were held
indoors in 40 L tanks in the Laboratory of Aquatic Ecotoxicology—UVV,
Espírito Santo, Brazil, for at least 7 days prior to experiments. Water
temperature, dissolved oxygen and salinity were monitored regularly
andmaintained at 22±1 °C, controlled oxygen concentration (6±1 mg
O2/L) and salinity (28±1) during acclimation and experiments. These
parametersweremeasured using the YSI 85multiparameter. Thewater
used to maintain the tanks before and during the experiments was
collected in Itapua beach (20°21′13″S, 40°17′02″W), Vila Velha, Espírito
Santo. Fish were fed twice a day with frozen wild Mysidacea.
H. reidi (n=6 for each group) were individually exposed, in 6 L
tanks, to the following conditions: 1) normoxia (6.0 mg O2/L) and
without crude oil (control group — CONT), 2) severe hypoxia (1.5 mg
O2/L) — hypoxia group (HYP); 3) sublethal concentration of crude oil
(18 mL/L of water) — OIL group (OIL) and, 4) severe hypoxia (1.5 mg
O2/L) associated with sublethal concentration of crude oil/L (18 mL/L
of water)−hypoxia+oil group (HYP+OIL).
The hypoxia levels of 1.5 mg O2/L that the longsnouts were
exposed was used for other ﬁshes moderate or tolerant to hypoxia
(Almeida-Val et al., 1995; Chellapa et al., 1999; Chippari-Gomes et al.,
2005). This crude oil concentration was used in this work because
previous experiments in our laboratory proved that this concentration
may be used without causing the death of H. reidi. The crude oil used
in the present study was donated by the state oil company Petrobras.
The composition of the crude oil was analyzed by gas chromatography
(model Clarus 500, Permin-Elkan).
First, ﬁsh were allowed to acclimate in tanks for 24 h prior to
experimentation. At the onset of the experiments, crude oil was added
to the respective experimental tanks. For the treatments with
hypoxia, the oxygen concentration was decreased by 20% per hour
by bubbling N2 into the tanks until the concentration of 1.5 mg O2/L
was reached. Once the state of severe hypoxia was reached, crude oil
was added to the tanks housing the HYP+OIL group. Each treatment
period was 8 h. Dissolved oxygen levels were continuously monitored
using a dissolved oxygen meter YSI, model 85.
At the end of the 8 h experimental period, all ﬁshwere anesthetized
with benzocaine (100 mg/L), and then blood samples were taken from
the caudal veinwith heparinized syringes. Immediately following blood
sampling, animals were killed by cervical section (Nickum et al., 2004).
Fish were weighted and gills were excised and ﬁxed for histological
analysis.2.2. Micronuclei test
Peripheral blood samples were obtained from the caudal vein of the
specimens and smeared on clean slides. Slides were left to dry in the
laboratory environment overnight and then the smears were ﬁxed in
methanol PA for 15 min and stained for 20 min with 5% (w/v) Giemsa,
washed with distilled water and left to dry in the laboratory
environment. After drying, 2000 erythrocytes per ﬁsh (two slides)
were analyzed blind for the presence of micronuclei, at 100×
magniﬁcation under a light microscope (Al-Sabti and Metcalfe, 1995).
2.3. Comet assay
The blood sampleswere diluted 1:120 (v/v)with RPMI 1640medium
(RPMI — Roswell Park Memorial Institute) and used immediately. The
alkaline comet assaywasperformedasdescribedbyTice et al. (2000) and
Andrade et al. (2004),with some adaptations. Brieﬂy, 5 μL of each diluted
blood sample were added to 95 μL of 0.75% (w/v) molten low melting
point agarose, and a portion of the mixture was spread on a microscope
slide pre-coated with 1.5% (w/v) normal melting point agarose and
topped with a coverslip. After agarose solidiﬁed, coverslips were
removed and the slides were immersed in a lysis solution (2.5 M NaCl,
100 mM EDTA and 10 mM Tris, pH 10.0–10.5) containing 1% Triton X-
100 and 20% DMSO. The slides were kept frozen in lysis solution (4 °C),
and protected from light for at least 2 h and at most 3 h. Subsequently,
slideswere incubated in freshly prepared alkaline buffer (300 mMNaOH
and 1 mM EDTA, pH≥13, which was experimentally determined) for
20 min for DNA unwinding. Electrophoresis (15 min at 300 mA and
25 V)wasperformed in the samebuffer. Every stepwas carriedoutunder
indirect yellow light. After electrophoresis, slideswere neutralized in Tris
400 mM (pH 7.5), rinsed three times in distilled water, and left to dry
overnight at room temperature. Slides were then ﬁxed for 10 min in
trichloroacetic acid 15% w/v, zinc sulfate 5% w/v, glycerol 5% v/v, rinsed
three times in distilled water, and dried for 2 h at 37 °C. The dry slides
were re-hydrated for 5 min in distilled water, and then stained (sodium
carbonate 5% w/v, ammonium nitrate 0.1% w/v, silver nitrate 0.1% w/v,
tungstosilicic acid 0.25%, formaldehyde 0.15% w/v, freshly prepared in
the dark), and constantly shaken for 35 min. The stained slides were
rinsed twicewithdistilledwater and then submerged in the stop solution
(acetic acid 1%), rinsed again, and immediately coded for analysis. In
order to calculate image length (IL), 100 cells from each replicate were
randomly chosen (50 from each duplicate slide), and analyzed under an
optical microscope (100× magniﬁcation).
The analysis of the slides involved 100 cells/animal, utilizing the
visual classiﬁcation based on the migration of DNA fragments from the
nucleus of class 0 (nodamage), class 1 (little damage— the tail is smaller
than the nucleus), class 2 (medium damage — tail length is between 1
and 2 times the nucleus diameter), and class 3 (extensive damage— tail
length is over 2 times the nucleus diameter) (Kobayashi et al., 1995;
Speit and Hartmann, 1999). The data are presented as the frequency of
cells with and without damage, score and distribution of classes. The
score of damage for eachﬁshwas calculated as the sumof thenumber of
nucleoids observed for each damage class multiplied by the value of its
respective damage class (0, 1, 2 or 3). Results were expressed as the
meanscore of damage, for each treatmentgroup,where 0 represents the
absence of damage and 300 indicates the highest damage score. The
damage frequency (DF) was calculated as the percentage of cells with a
tail.
2.4. Gills histopathology
The second gill arch of each ﬁsh (n=6 in each group) was ﬁxed in
2.5% glutaraldehyde adjusted to pH 7.3 with 0.1 M phosphate buffer
(PB) and stored at 0.5% glutaraldehyde in the same buffer until tissue
processing. The gill arches were washed in (PB), dehydrated in ethanol
(70, 80, 90, and 95%), and embedded in LEICA historesin. Sections (3 μm
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Fig. 1. Micronuclei frequency (mean±S.E.M.) in erythrocytes of Hyppocampus reidi
kept in normoxia and clean water (CONT) and exposed to hypoxia and clean water
(HYP), crude oil (OIL) and hypoxia+crude oil (HYP+OIL) during 8 h. * Signiﬁcant at
Pb0.001 and in relation to the control (CONT) (Anova).
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Olympus-Micronal CBA-K light microscope.
All histopathological analyses and measurements were done
according to a randomized blind method. Brieﬂy, 10 random ﬁelds in
each gill ﬁlament were analyzed in the section of each animal and the
Gill Histopathological Index (GHI) was estimated. The degree of lesions
was evaluated by an index value (GHI, degree of changes in a single ﬁsh
gill), which was calculated by the sum of the number of lesion types
within each of the three stages multiplied by the stage index, using the
mathematical equation proposed by Poleksic and Mitrovic-Tutundzic
(1994). Gill damage was classiﬁed as groups based on the type and
location of the damage, such as hypertrophy and hyperplasia of the gill
epithelium and related changes, changes in mucous and/or chloride
cells, blood vessel changes and ﬁbrosis and necrosis. They were also
classiﬁed into three progressive stages based on the degree of the
possibility of the recovery from lesions (SI, changes that do not damage
the gill tissue to such an extent that the normal gill structure cannot
repair itself; SII, changes that are more severe and affect the tissue
function; and SIII, changes that preclude the restoration of the gill
structure) according to Poleksic and Mitrovic-Tutundzic (1994)
modiﬁed by Cerqueira and Fernandes (2002).2.5. Statistical analysis
The results were expressed as means±S.E.M. The mean percent
DNA damage and micronuclei results of test groups were compared
against the control using the one-way ANOVA and the Dunnett's test at
p=0.05 level. All analyses were performed with the SIGMA STAT 3.0
statistical software package.3. Results
3.1. Water analysis
The analysis of the composition of the water-soluble fraction of
crude oil after 8 h of experiments presented the following character-
istics: 10.1% v/v total PAHs; 0.12% v/v benzene; 0.9% v/v toluene; 2.1%
v/v xylene; 12.0 mg/L naphthalene; 0.41 mg/L phenanthrene; and
ﬂuorene 0.87 mg/L.
The values of physical–chemical analysis obtained for the experi-
mental groups were (mean±SE): temperature: 22±1 °C; DO: 1.5±
0.5 mgO2/L fromHYP andHYP+OIL groups and salinity: 28±1. For the
control groups, the values obtained were: temperature: 22±1 °C; DO:
6.6±0.6 mg O2/L and salinity: 2.8±1%.ue
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A signiﬁcant increase in the frequency of micronuclei was observed
in groups exposed to crude oil and to hypoxia+crude oil in comparison
with CONT, while the group exposed to hypoxia showed no signiﬁcant
change in the frequency of micronuclei erythrocytic cells (Fig. 1).CONT HYP OIL HYP+OIL
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Fig. 2. Detection of DNA erythrocyte damage in Hippocampus reidi exposed in vivo to
hypoxia (HYP), crude oil (OIL) and hypoxia associate to crude oil (HYP+OIL) during
8-h. * Signiﬁcant at Pb0.01 and in relation to the control (CONT) (Anova).3.3. Comet assay
There was a signiﬁcant increase (Pb0.001) in DNA damage under
the three experimental groups when compared to CONT (Fig. 2). The
distribution of DNA class damages for the different groups showed a
high level of class 0 in individuals of CONT, a higher frequency of
damages classes 2 (mostly) and 3 for the group exposed to HYP+OIL
and a more even distribution of the damage classes for the other
groups (Table 1). The comet scores for ﬁsh exposed to HYP, OIL and
HYP+OIL were signiﬁcantly higher than the respective negative
control groups (Table 1).3.4. Gill histopathology
The gills of H. reidi are similar to those of most teleosts. The ﬁlament
epitheliumconsists of numerous cell layers, and the lamellar epithelium
consists of the pillar cell system covered by the lamellar epithelium
with, in general, two cell layers (Fig. 3). The changes in the gill ofH. reidi
exposed to HYP, OIL and HYP+OIL are shown in Figs. 4 and 5. Cellular
hypertrophy, hyperplasia of the lamellae epithelium, epithelial lifting of
lamellae, incomplete and complete lamellar fusion, disorganization of
pillar cells (Fig. 4) and dilatation and congestion capillary (Fig. 5) were
found in all groups, includingCONT.Most of these lesionswere classiﬁed
as stage I lesions, except for the complete lamellar fusion and
disorganization of pillar cells, which were categorized as stage II. No
lesions classiﬁed as stage III (ﬁbrosis and necrosis)were found inH. reidi
treated under any of the experimental groups tested. No signiﬁcant
difference was detected between CONT and ﬁsh treated in the HYP
group. In the ﬁsh from the OIL and HYP+OIL groups, hyperplasia and
cellular hypertrophy of lamellar epithelium were more frequent
(Pb0.05) and lamellar epithelial lifting was more frequent in the ﬁsh
from HYP+OIL group. The histopathological changes and their
respective frequencies are shown in Table 2.
TheGHI of the gills of CONT and those exposed toHYP, andHYP+OIL
did not show signiﬁcant differences among these groups, and were
Table 1
Number of cells in each comet assay class and SCORE in Hyppocampus reidi kept in
normoxia and clean water (CONT) and exposed to hypoxia and clean water (HYP),
crude oil (OIL) and hypoxia+crude oil (HYP+OIL) during 8 h.
Condition Class 0 Class 1 Class 2 Class 3 SCORE
CONT 96.17±1.08 3.17±0.87 0.68±0.33 0.0±0.0 4.5±1.3
HYP 33.00±7.87a 25.67±3.51a 25.33±5.19a 14.00±4.64a 118.3±19.3a
OIL 26.00±6.67a 31.33±4.39a 24.83±6.11a 17.83±4.56a 134.5±19.4a
HYP+OIL 5.50±2.14a 23.33±4.36a 44.33±4.94a 27.33±2.88a 194.0±9.1a
a Indicates signiﬁcant difference in relation to CONT group (Pb0.01) (Anova); mean±
SEM.
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of ﬁsh exposed to oil was classiﬁed as moderate to severe (GHI between
21 and 50) (Table 3).4. Discussion
Crude oil compounds are very toxic to aquatic organisms, especially
water soluble fraction compounds; these compounds are responsible to
provoke genotoxic, mutagenicity and carcinogenic effects (Torres-
Bugarin et al., 1998;Woodhead et al., 1999;Maria et al., 2002c; Gravato
and Santos, 2003). In the present study, the analyses conducted showed
that the crude oil to which the ﬁsh were exposed contained
polyaromatic hydrocarbons (PAHs) of low molecular weight such as
naphthalene, ﬂuorene and phenanthrene and other aromatic hydro-
carbons such as benzene, toluene and xylene.
Accidents with petroleum and its derivatives are frequent through-
out the world, most of them are small scale, but no less important than
the large-scale, since frequent contamination of water bodies cause
chronic effects on aquatic biota while large accidents cause more often
acute damage, such as the highmortality of individuals. Concomitant toFig. 3. Hippocampus reidi gills. A. Sagittal section of ﬁlament and lamella of ﬁsh from the
epithelium (arrow). C. High magniﬁcation of lamella. Note the presence of more than one lthis, the low availability of oxygen found in some water bodies caused
by natural phenomena or by anthropogenic events may aggravate this
scenario susceptible to contamination by petroleum, intensifying
chronic or acute damage suffered by aquatic organisms.
We observed a high incidence of erythrocyte cells with micronuclei
in OIL andHYP+OIL groups in comparisonwith the CONT group. These
results indicates that crude oil exposure was a determining factor in the
micronuclei induction and that exposure to hypoxia does not aggravate
the induction of cells with micronuclei, since there were no signiﬁcant
changes in animal cells exposed to the HYP group, as there was no
signiﬁcant difference betweenHYP andHYP+OIL groups. Other studies
also show that oil components cause genotoxic damage, as observed in
H. reidi exposed to the soluble fraction of diesel oil (1:500 and 1:1000
dilutions of DWSF in water) for 96 h by Santos et al. (2010) and in
Prochilodus lineatus exposed to the soluble fraction of diesel oil (1:4
dilution of DWSF in water) for 6, 24, 96 and 360 h by Vanzella et al.
(2007). These results afford to state that themicronuclei test canbeused
as an indicator of mutagenic damage caused by the crude oil. The
presence of micronuclei and other nuclear cell abnormalities (NAs) has
been widely used in ﬁsh, since the 1980s, as indicators of genotoxic
damage caused by polluted water in both, the environment and the
laboratory (Al-Sabti and Metcalfe, 1995; Çavas and Ergene-Gözükara,
2003; Klobucar et al., 2003).
One of the techniques most used for genotoxicity detection is the
comet assay (Kammann et al., 2001; Kamer and Rinkevich, 2002; Akcha
et al., 2003). This technique is not used to detectmutations, but genomic
lesions, which after being processed may result in mutation. Different
than mutations, the lesions detected with the comet assay can be
recovered (Gontijo and Tice, 2003). In thepresent study, the exposure to
HYP, OIL and HYP+OIL produced DNA strand breaks in H. reidi,
indicating that both crude oil and hypoxia have genotoxic potential in
this aquatic organism. Themost frequent damage classeswere classes 2
and3, especially inﬁshexposed toHYP+OIL, in comparisonwithCONT,control group. B. High magniﬁcation of lamella. Note pavement cells in the lamellar
ayer of cells in the epithelium (arrow).
Fig. 4. Hippocampus reidi gills. A. Hypertrophy of gill epithelium. B. Hyperplasia of gill epithelium. C. Epithelial lifting of lamellae. D. Parcial lamellar fusion (portion of 2–3 lamellae).
E. Complete fusion of lamellae (2–4 lamellae). F. Pillar cells system alteration.
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et al. (2010) observed higher numbers of cell classes 2 and 3 in H. reidi
exposed to DWSF during 24 and 96 h. Vanzella et al. (2007) also
observed higher frequencies of DNA damage in P. lineatus exposed to
dieselwater-soluble fraction (DWSF) indifferent periods (6, 24 and96 h
and 15 days). The association of low availability of oxygen with the
components of petroleum aggravated genotoxic responses observed in
H. reidi, since the SCORE of HYP+OIL group was greater than in groups
HYP and OIL.
The results obtained with the individuals exposed to OIL and HYP+
OIL canbeexplainedby thepresenceofpolycyclic aromatichydrocarbons
in the soluble oil fraction, as observed by Taban et al. (2004) in mussels
and sea urchins and by Aas et al. (2000) in Atlantic cod. Concerning the
presence of damage in individuals exposed to hypoxia, more studies are
necessary to elucidate the mechanisms by which hypoxia leads to these
kinds of alterations. According toWu (2002), marine animals respond to
hypoxia by ﬁrst attempting to maintain oxygen delivery (increases in
respiration rate, number of red blood cells, or oxygen binding capacity of
hemoglobin), and then by conserving energy (metabolic depression,down regulation of protein synthesis and down regulation/modiﬁcation
of certain regulatory enzymes). Many of these responses depend to a
large extent on changes in the expression of genes that encode diverse
groups of physiologically relevant proteins (Terova et al., 2008).
According to Gracey et al. (2001) the expression of over 120 genes was
altered when Gillichthys mirabiliswere exposed to hypoxia. These genes
are involved in glycolysis, gluconeogenesis, ironmetabolism, cell survival
and proliferation, translational machinery, and muscle contraction
(Semenza, 1999; Wenger, 2002; Gracey et al., 2001). According to
what was observed in our study, hypoxia also causes breaks in DNA
strands; however, as this damage can be recovered, changes in the
expression of various genes cannot be ruled out. What needs to be
investigated now is why episodes of hypoxia provoke DNA damage.
Gills are considered as primary target of contaminants due to their
direct contact with the external environment. Among the various types
of alterations that can be observed in gills, only a few were observed in
this study, even in CONT. The high frequency of hyperplasia and cellular
hypertrophy of lamellar epithelium observed in OIL and HYP+OIL
groups and epithelial lifting of lamellae observed only in the HYP+OIL
Fig. 5. Hippocampus reidi gills. A. Capillary dilation. B. Lamellar congestion.
Table 3
Gill Histopathological Index (GHI) of Hyppocampus reidi kept in normoxia and
clean water (CONT) and exposed to hypoxia and clean water (HYP), crude oil (OIL)
and hypoxia+crude oil (HYP+OIL) during 8 h, and the respective level of tissue
damage (L.t.d.).
Condition GHI L.t.d.
CONT 14.8 MM
HYP 13.8 MM
OIL 23.0 MS
HYP+OIL 14.7 MM
“MM” tissue damage between mild to moderate (GHI between 10 and 20);
“MS” tissue damage between moderate to severe (GHI between 21 and 50);
GHI lower than 10, tissue is considered normal; GHI between 11 and 50, tissue is
considered moderate damaged; GHI between 51 and 100, tissue is considered
severely damaged; GHI higher than 101, tissue considered irreparably damaged.
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mechanisms of the organism, following exposure to crude oil. These
alterations may act as a barrier against the entry of contaminants,
increasing the distance between the external environment and blood
(Camargo and Martinez, 2007). These changes were not observed in
seahorses exposed to severe hypoxia, as the increase in the distance
between the external environment and bloodwouldmake the uptake of
oxygen from the environment even harder.
Epithelial lifting and lamellar fusion have been observed in rainbow
trout (Oncorhynchus mykiss) exposed to waste oil (Engelhardt et al.,Table 2
Frequency of alterations, and their respective stages of damages, found in the gills of
Hyppocampus reidi kept in normoxia and clean water (CONT) and exposed to hypoxia
and clean water (HYP), crude oil (OIL) and hypoxia+crude oil (HYP+OIL) during 8 h.
Histological changes Stages CONT HYP OIL HYP+OIL
Hypertrophy of gill epithelium I ** * *** ***
Epithelial lifting of lamellae I * * * **
Complete fusion of lamellae
(2–4 lamellae)
II * * * *
Partial lamellar fusion
(portion of 2–3 lamellae)
I * * * *
Hyperplasia of gill epithelium I * * ** **
Sinus constriction I A A A A
Capillary dilation I ** * * *
Lamellar congestion I * * * *
Lamellar aneurysm II A A A A
Rupture of the lamellar epithelium II A A * A
Pillar cells system alteration II * * * *
Changes in chloride cells I A A A A
Changes in mucous cells I A A A A
Necrosis III A A A A
Stages of damage: SI, changes that do not damage the gill tissue to such an extent that
the normal gill structure cannot repair itself; SII, changes that are more severe and
affect the tissue function; and SIII, changes that preclude the restoration of the gill
structure. “A” absence of damage; “*” low frequency of damage (1–5 number of
observations); “**” frequent damage (6–5 number of observations); “***” high
frequency of damage (16–30 number of observations).1981). Simonato et al. (2008) reported the occurrence of histological
changes such as epithelial detachment in the ﬁsh species P. lineatus
exposed to the diesel water soluble fraction (40% dilution of DWSF in
water) for 6, 24, 96-h and 15 days. This alteration was considered as an
adaptive change to protect the body from the invasion of xenobiotic
agents.
In thepresent studyweobservedanelongationof the lamellaeofﬁsh
from the groups exposed to hypoxia (HYP and HYP+OIL) (Fig. 7),
probably due to the fact that these groups required a greater ﬂow of
blood in the gills to increase the efﬁciency of the gas exchange, since
they were in an environment with low oxygen availability. However,
this modiﬁcation can be harmful to ﬁsh exposed to HYP+OIL, since
xenobiotic compounds can enter thebloodﬂowmoreeasily. Conversely,
the ﬁsh exposed to OIL and also CONT group present a thickening and a
shorteningof gill lamellae since theywere in anenvironmentswith high
oxygen availability.
The index of histological alteration (IAH) ofH. reidi for all groupswas
classiﬁed asmild or relevant, and posed no risk to the survival however,
ﬁsh becomemore vulnerable to other stressful situations such as escape
or even capture of food due to the reduction in blood oxygenation.
Simonato et al. (2008) reported signiﬁcantly higher IAH level
(IHA=42) in the neotropical ﬁsh P. lineatus exposed to diesel oil for
24, 96 h and15 days compared to the control group indicatingmoderate
to severe damage of gills. Camargo and Martinez (2007) studying the
histopathology of the gills of P. lineatus, kept in cages in an urban stream
for aweek, reported that the IAH level of gills of ﬁsh at any point, during
the summer, ranged between 3.6 and 13.2, with a mean of 9.76,
indicating normal functioning of the organ. Signiﬁcant differences were
detected only during the winter tests, when the ﬁsh conﬁned in the
areas with the higher ratings of anthropogenic disturbance presented
higher IAH levels than ﬁsh from the reference site. Probably, in the
present study the low IAH values and the few histopathological changes
recorded for the animals exposed to the different groups are due to the
short exposure period (8 h) to the stress agents.
In summary, our results obtained showed clearly that petroleum
causes considerable damage in H. reidi, such as genotoxic damages,
since the frequencies of micronuclei and comet assay increased in ﬁsh
of the crude oil groups, so these two tests can be used as effective
biomarkers of exposure to crude oil. Apart from this, the association of
crude oil with hypoxia may exacerbate the responses of ﬁsh, in the
light of the increase in DNA damage and the alterations in thickness of
the gill epithelium.Acknowledgments
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